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PH ENIX



QGP	
  Phase	
  Transi.on	
  
  La$ce	
  predicts	
  phase	
  transi/on	
  to	
  color	
  DOF	
  at	
  high	
  T,	
  ρ	
  
  Cri/cal	
  Temperature	
  ~	
  170	
  MeV	
  

  Heavy-­‐Ion	
  data	
  indicates	
  	
  that	
  produced	
  maFer:	
  
o  Thermalizes	
  rapidly	
  

o  Exceeds	
  the	
  cri/cal	
  temperature	
  

  An	
  early	
  predic/on:	
  Jet	
  Quenching	
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Karsch	
  and	
  Laermann	
  Quark	
  gluon	
  plasma	
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High	
  pT	
  suppression	
  

  High	
  pT	
  π0	
  yield	
  suppressed	
  by	
  5x!	
  
  Informa/on	
  integrated	
  over:	
  

o  	
  Jet	
  Energy	
  
o  Produc/on	
  vertex	
  /	
  path-­‐length	
  
o  Evolu/on	
  of	
  system	
  	
  	
  	
  	
  

(temperature,	
  density)	
  

  Radia/ve	
  energy	
  loss:	
  
  Naïvely,	
  partons	
  lose	
  frac/on	
  of	
  

energy	
  then	
  fragment	
  in	
  vacuum:	
  

  Can	
  we:	
  
o  Determine	
  proper/es	
  of	
  the	
  

medium,	
  by	
  measuring	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ?	
  
o  Learn	
  something	
  about	
  QCD,	
  by	
  

tes/ng	
  our	
  understanding	
  of	
  
parton	
  energy	
  loss?	
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€ 

ΔE ≈ ˆ q L2

€ 

Dmedium (z) = D z
1− ΔE /E
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

Phys.	
  Rev.	
  LeF.	
  101,	
  232301	
  (2008)	
  

  

€ 

ˆ q ( x ,t)



Back-­‐to-­‐Back	
  Correla.ons	
  
  For	
  frac/onal	
  E-­‐loss	
  expect	
  shib	
  of	
  yield	
  

to	
  low	
  pT	
  and	
  broadening	
  of	
  peak	
  

  High	
  pT:	
  Away-­‐side	
  jet	
  disappears	
  

  Modified	
  Shape	
  at	
  Lower	
  pT:	
  	
  Reduced	
  
jet	
  peak	
  +	
  large	
  angle	
  correla/ons?	
  

  Are	
  displaced	
  peaks:	
  

o  Medium	
  response	
  (e.g.,	
  a	
  Mach	
  cone)?	
  

o  Medium-­‐modified	
  jet	
  fragmenta/on?	
  

  How	
  can	
  we	
  tell	
  the	
  difference?	
  

  Single,	
  di-­‐hadron	
  difficult	
  to	
  model	
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STAR	
  PRL	
  90,	
  082302	
  (2002)	
  

PHENIX	
  PRC78,	
  014901	
  (2008)	
  

Need	
  observables	
  where	
  L	
  and	
  
ini/al	
  parton	
  E	
  unambiguous:	
  

 	
  Fully	
  reconstructed	
  jets	
  
 	
  Direct	
  γ	
  tagged	
  jets,	
  correla/ons	
  



Photon-­‐Hadron	
  in	
  PHENIX	
  

  π0	
  photons	
  separa/on	
  out	
  pT	
  ~	
  15	
  GeV/c	
  

  Hadron	
  rejec/on	
  w/	
  shower	
  shape,	
  track	
  
veto	
  	
  

  High	
  pT	
  γ	
  triggering	
  	
  

  Charged	
  Par/cle	
  momentum	
  from	
  DC/PC1	
  

  Matching	
  to	
  outer	
  	
  PC’s	
  rejects	
  secondaries	
  

  e+-­‐	
  ID	
  w/	
  RICH,	
  E/p	
  

  BBC,	
  ZDC:	
  MB	
  trigger,	
  vertex,	
  centrality	
  

4/21/2010	
  

8.1/√E(GeV)	
  ⊕	
  2.1	
  %	
  5.9/√E(GeV)	
  ⊕	
  0.8	
  %	
  	
  

PbSc	
  

Electromagne/c	
  Calorimeters	
  

PbGl	
  

Drib	
  Chamber	
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Jets	
  in	
  PHENIX	
  

Jets	
  measured	
  from	
  charged	
  tracks	
  and	
  EMCal	
  clusters	
  

X  No	
  hadronic	
  calorimetry	
  

X  Small	
  acceptance	
  for	
  jets	
  	
  (|η|	
  <	
  0.35)	
  

  Small	
  material	
  budget	
  	
  
  Good	
  tracking,	
  EMCal	
  resolu/on,	
  electron	
  ID	
  	
  no	
  double	
  coun/ng	
  of	
  energy	
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Part	
  I:	
  Jet	
  Reconstruc.on	
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Gaussian	
  Filter	
  Algorithm	
  
1.  Define	
  pT	
  weighted	
  par/cle	
  density	
  

2.  Subtract	
  mean	
  par/cle	
  density	
  (for	
  heavy-­‐ion	
  collisions)	
  

3.  Calculate	
  filter	
  weighted	
  density	
  at	
  each	
  point	
  

4.  Taking	
  the	
  filter	
  func/on	
  to	
  be	
  a	
  Gaussian	
  

5.  Jets	
  correspond	
  to	
  maxima	
  of	
  the	
  filter	
  weighted	
  density	
  

6.  Es/mate	
  the	
  jet	
  direc/on	
  from	
  the	
  discrete	
  filter	
  response	
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€ 

pT (η,φ) = pT ,i
i∈particles
∑ δ(η −ηi)δ(φ − φi) − pT ,BG(η,φ)

€ 

˜ p T (η,φ) = dη'∫∫ dφ ' pT (η',φ ') h(η −η',φ − φ ')

Authors:	
  
Y.S.	
  Lai,	
  B.A.	
  Cole	
  

€ 

hσ (η,φ) = exp −
η2 + φ 2

2σ 2

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

arxiv:0806.1499	
  



Gaussian	
  Filter	
  Jets	
  

  Cone-­‐like,	
  but	
  w/o	
  merge/split	
  

  Seedless	
  
  Infrared/collinear	
  safe	
  
  Gaussian	
  response	
  	
  

o  Improves	
  discrimina/on	
  from	
  
sob	
  background	
  

o  Diminishes	
  impact	
  of	
  finite	
  
acceptance	
  

  Mo/vated	
  by	
  energy-­‐flow	
  
observables	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
  	
  	
  	
  	
  	
  Berger	
  et	
  al,	
  PRD68:014012(2003)	
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See	
  arxiv:0806.1499	
  for	
  comparisons	
  to	
  standard	
  jet	
  algorithms	
  



p+p	
  Inclusive	
  Jet	
  Cross	
  Sec.on	
  

  Jet	
  energy	
  scale	
  determined	
  from	
  PYTHIA	
  +	
  GEANT	
  

  pT	
  reach	
  out	
  to	
  large	
  x	
  (~	
  0.6)	
  

  Systema/cs	
  from	
  calo.	
  energy	
  scale,	
  trigger	
  efficiency,	
  conversions	
  (pT>20	
  GeV/c)	
  

  Consistent	
  with	
  STAR	
  using	
  mid-­‐point	
  cone	
  algorithm	
  with	
  R	
  =	
  0.4	
  
  Compares	
  reasonably	
  well	
  to	
  theory,	
  neither	
  PYTHIA	
  nor	
  SCA	
  an	
  exact	
  comparison	
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Charged	
  Hadron	
  FF	
  (p+p)	
  	
  

  Cuts	
  to	
  avoid	
  conversions,	
  
calorimeter	
  noise,	
  upstream	
  
interac/ons:	
  
o  #	
  of	
  par/cles	
  >	
  3	
  
o  charged	
  frac/on	
  <	
  0.9	
  
o  z	
  <	
  0.85	
  

  Resul/ng	
  jet	
  selec/on	
  bias	
  
contained	
  in	
  systema/cs	
  

  Consistent	
  with	
  PYTHIA,	
  	
  	
  	
  	
  	
  	
  
FF	
  scaling	
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Minimum	
  Bias	
  



Jet	
  Filtering	
  in	
  Heavy-­‐Ion	
  Collisions	
  

  Central	
  HI	
  events	
  are	
  dominated	
  by	
  
sob	
  par/cle	
  produc/on	
  

  The	
  mean	
  background	
  level	
  is	
  
subtracted	
  

	
  	
  	
  	
  	
  	
  but	
  fluctua/ons	
  give	
  fake	
  jets	
  un/l	
  
large	
  jet	
  pT	
  

  Angular	
  weight	
  from	
  Gaussian	
  filtering	
  
helps	
  to	
  discriminate	
  against	
  
background	
  

  Addi/onal	
  fake	
  rejec/on	
  is	
  required	
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€ 

pT (η,φ) = pT ,i
i∈particles
∑ δ(η −ηi)δ(φ − φi) − pT ,BG(η,φ)

10	
  GeV/c	
  	
  
Fake	
  Jet	
  

10	
  GeV/c	
  
	
  Real	
  Jet	
  

More	
  on	
  fake	
  jets	
  in	
  HI,	
  see	
  Grau	
  et	
  al.,	
  EPJC62:191	
  (2009)	
  



Fake	
  Rejec.on	
  in	
  Heavy-­‐Ion	
  

  Discriminate	
  background	
  by	
  requiring	
  
well-­‐collimated	
  jets	
  

  Use	
  Gaussian	
  weighted	
  pT2	
  sum:	
  

  Small	
  width	
  of	
  σdis	
  =	
  0.1	
  chosen	
  

  Use	
  Δφ	
  	
  between	
  jets	
  as	
  a	
  metric	
  

  Vary	
  g0.1	
  un/l	
  intra-­‐jet	
  pedestal	
  
becomes	
  sta/onary	
  

  Used	
  g0.1	
  >	
  17.8	
  (Gev/c)2	
  

  Fake	
  rate	
  <	
  10%	
  for	
  jet	
  pT	
  <7.5	
  GeV/c	
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€ 

gσ dis(η,φ) = pT ,i
2

i∈particles
∑ exp −

ηi −η( )2 + φi −φ( )2

2σ 2

⎡ 

⎣ 
⎢ 
⎢ 

⎤ 

⎦ 
⎥ 
⎥ 



Background	
  Unfolding	
  in	
  Cu+Cu	
  

  Effect	
  of	
  background	
  on	
  JES	
  
determined	
  by	
  embedding	
  p+p	
  	
  	
  	
  	
  	
  
jets	
  into	
  Cu+Cu	
  events	
  

  Embedded	
  jets	
  matched	
  to	
  input	
  	
  	
  	
  	
  	
  
to	
  avoid	
  Cu+Cu	
  jets	
  

  Efficiency	
  	
  1	
  at	
  pT	
  ~	
  12	
  GeV/c	
  

  Background	
  smears	
  jets	
  towards	
  
larger	
  pT	
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Jet	
  Spectra	
  in	
  Cu+Cu	
  

  Uncorrected	
  p+p	
  jets	
  (scaled	
  by	
  TAB)	
  compared	
  to	
  background-­‐unfolded	
  Cu+Cu	
  jets	
  

  Addi/onal	
  systema/cs	
  from	
  different	
  energy	
  scale,	
  acceptance	
  between	
  p+p	
  and	
  Cu+Cu	
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Centrality	
  



Nuclear	
  Modifica.on	
  (RAA)	
  of	
  Jets	
  

  Jet	
  yield	
  suppressed	
  in	
  central	
  (head-­‐on)	
  collisions	
  

  Effect	
  disappears	
  from	
  as	
  collisions	
  become	
  more	
  peripheral	
  

  Not	
  energy	
  scale	
  corrected,	
  but	
  RAA	
  nearly	
  flat	
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Centrality	
  



Jet	
  vs.	
  Single	
  Hadron	
  RAA	
  

  No	
  significant	
  energy	
  dependence	
  out	
  to	
  30	
  GeV/c	
  
  Data	
  indicate	
  that	
  quenched	
  jets	
  are	
  not	
  recovered	
  by	
  Gaussian	
  filter	
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Jet-­‐Jet	
  Correla.ons	
  

  Azimuthal	
  correla/ons	
  between	
  symmetric	
  jet	
  pairs	
  

  No	
  significant	
  jet	
  broadening	
  or	
  displacement	
  observed	
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Part	
  II:	
  Direct	
  γ	
  Correla.ons	
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Direct	
  γ’s	
  at	
  LO	
  
  Compton	
  scaFering	
  dominant	
  

  Transparent	
  to	
  medium	



  γ	
  pT	
  =	
  recoil	
  parton	
  pT	
  (before	
  E-­‐loss)	
  
  Use	
  direct	
  γ	
  to	
  tag	
  unbiased	
  jets	
  
  Map	
  the	
  medium	
  with	
  direct	
  γ	
  

triggered	
  jets	
  (Jet	
  tomography)	
  

  Use	
  γ	
  energy	
  to	
  construct	
  (modified)	
  FF	
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Compton	
   Annihila/on	
  

p+p	
  @	
  200	
  GeV,	
  CTEQ6	
  +	
  LO	
  pQCD	
  

|η|	
  <	
  0.35	
  

γ+jet	
  In	
  Medium	
  



Inclusive	
  Direct	
  γ’s	
  

  PHENIX	
  can	
  measure	
  
inclusive	
  direct	
  γ’s	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  no	
  isola/on	
  requirement	
  

  Important	
  b/c	
  isola/on	
  
challenging	
  in	
  heavy-­‐ions	
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Inclusive	
  Direct	
  γ	
  Cross	
  Sec/on	
  in	
  p+p	
  	
  



Beyond	
  Leading	
  Order	
  

  Fragmenta/on	
  γ’s	
  
o  Spoil	
  momentum	
  balance	
  
o  Biased	
  by	
  E-­‐loss	
  

  Also	
  kT	
  effect	
  
  Medium-­‐Induced	
  γ	
  sources?	
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Calcula/ons:	
  Arleo,	
  
JHEP	
  0609,	
  015	
  (2006)	
  

Calcula/ons:	
  Zhang	
  and	
  Vitev,	
  PLB669:337	
  (2008)	
  

Isolated	
  Direct	
  γ	
  Cross	
  Sec/on	
  (R<0.5)	
  



Direct γ-­‐h	
  by	
  Sta.s.cal	
  Subtrac.on	
  

  Construct	
  correla/ons	
  of	
  γ’s	
  with	
  hadrons	
  

  Contains	
  a	
  contribu/on	
  from	
  direct	
  and	
  decay	
  sources	
  

  *Es/mate	
  decay	
  contribu/on	
  from	
  π0-­‐h,	
  η-­‐h	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
(see	
  next	
  slide)	
  	
  

  Solve	
  for	
  Ydirect,	
  using	
  measured	
  Rγ	
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€ 

Ytotal =
N direct

N total
Ydirect +

N decay

N total
Ydecay

€ 

Ydirect =
Rγ

Rγ −1
Ytotal +

1
Rγ −1

Ydecay

€ 

Ytotal =
#  of photon - hadron pairs

#  of photons

1	
  

6	
  
5	
  

3	
  
2	
  

4	
  

0	
  	
  	
  	
  	
  	
  	
  	
  	
  4	
  	
  	
  	
  	
  	
  	
  	
  	
  8	
  	
  	
  	
  	
  	
  	
  	
  	
  12	
  	
  	
  	
  	
  	
  	
  16	
  	
  	
  	
  	
  	
  	
  20	
  
pT	
  [GeV/c]	
  

Rγ	


€ 

R
γ

=
total #of γ 's

#of decay γ 's

PRC80,	
  024908	
  (2009)	
  *Non-­‐trivial,	
  for	
  details:	
  	
  



Direct	
  γ	
  Correla.ons	
  

  No	
  significant	
  near-­‐side	
  correla/on	
  
  Disappearance	
  of	
  back-­‐to-­‐back	
  correla/ons	
  in	
  Au+Au	
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Photon	
  pT:	
  5-­‐7	
  GeV/c	
  
Hadron	
  pT:	
  3-­‐5	
  GeV/c	
  

PRC80,	
  024908	
  (2009)	
  



Suppression	
  for	
  γ-­‐Jets	
  

  Direct	
  γ-­‐h	
  should	
  sample	
  different	
  path-­‐length	
  than	
  single,	
  di-­‐hadrons	
  

  Similar	
  suppression	
  within	
  large	
  uncertain/es	
  

  Note	
  angular	
  range	
  only	
  |Δφ	
  -­‐	
  π|	
  <	
  π/6,	
  would	
  not	
  include	
  displaced	
  peaks	
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IAA	
  =	
  hadrons	
  per	
  photon	
  in	
  Au+Au	
  /	
  hadrons	
  per	
  photon	
  in	
  p+p	
  	
  



Modified	
  Fragmenta.on?	
  

  zT	
  =	
  hadron	
  pT	
  /	
  photon	
  pT	
  
  Again,	
  note	
  restricted	
  angular	
  range	
  	
  
  Steeper	
  slope	
  in	
  central	
  Au+Au,	
  but	
  only	
  1.3	
  σ	
  sta/s/cal	
  significance	
  	
  
  How	
  to	
  reduce	
  uncertain/es?	
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Event-­‐by-­‐Event	
  Direct	
  γ	
  ID	
  

  Large	
  uncertain/es	
  due	
  to	
  sta/s/cal	
  subtrac/on	
  

  Large	
  background	
  in	
  heavy-­‐ions	
  complicates	
  direct	
  γ	
  
ID	
  on	
  a	
  per-­‐event	
  basis	
  

  As	
  a	
  start,	
  we	
  can	
  test	
  methods	
  in	
  p+p:	
  

o  Tag	
  decay	
  pairs	
  by	
  invariant	
  mass	
  

o  Require	
  photon	
  isola/on	
  

  Due	
  to	
  finite	
  acceptance/efficiency	
  must	
  subtract	
  
residual	
  decay	
  from	
  un-­‐tagged,	
  isolated	
  mesons	
  

  Requires	
  es/mate	
  of	
  efficiencies	
  from	
  

o  Decay	
  Tagging:	
  	
  From	
  invariant	
  mass	
  distribu/ons	
  

o  Isola/on:	
  From	
  isola/on	
  efficiency	
  of	
  decay	
  sources	
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Direct	
  γ	

 Decay	
  γ	



Decay	
  Tagging	
  Cut	
  

Event-­‐by-­‐Event	
  Cuts	
  

Isola/on	
  Cut	
  

Residual	
  
BG	
  



Isolated	
  Direct	
  γ	
  Correla.ons	
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PHENIX	
  Preliminary	
  

p+p	
  @	
  200	
  GeV	
  

Applica/on	
  of	
  isola/on	
  cut	
  and	
  decay	
  photon	
  tagging	
  	
  	
  
Dras/cally	
  reduced	
  systema/c	
  and	
  sta/s/cal	
  uncertain/es	
  on	
  γ-­‐h	
  correla/ons	
  

Isola/on	
  cut	
  :	
  	
  Sum	
  of	
  charged	
  momentum	
  +	
  neutral	
  energy	
  
within	
  cone	
  of	
  R	
  =	
  0.5	
  <	
  10%	
  of	
  the	
  photon	
  energy	
  	
  



γ	
  Triggered	
  “FFs”	
  

  At	
  LO	
  xE	
  distribu/on	
  is	
  equivalent	
  to	
  the	
  	
  FF	
  

  Expect	
  to	
  dominant	
  contribu/on	
  to	
  be	
  from	
  valence	
  up	
  quarks	
  

  kT	
  comparable	
  to	
  γ	
  pT,	
  breaks	
  FF	
  scaling	
  

  Simple	
  test:	
  Apply	
  Gaussian	
  kT	
  smearing	
  to	
  LO	
  and	
  check	
  that	
  FF	
  is	
  recovered	
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€ 

xE =
pT ,hadron
pT ,photon

cosΔφ

€ 

xE ≈ z
for pT , photon = pT , jet

p+p	
  @	
  200	
  GeV	
  



From	
  γ	
  Triggered	
  xE	
  to	
  the	
  FF	
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 	
  kT	
  =	
  0	
  calcula/on	
  harder	
  than	
  data	
  
 	
  <kT>	
  determined	
  from	
  pout	
  distribu/ons	
  (See	
  PRD74,	
  072002	
  (2006)	
  and	
  forthcoming	
  ar/cle)	
  

 	
  kT-­‐smeared	
  LO	
  reproduces	
  data	
  independent	
  of	
  choice	
  of	
  FF	
  fit	
  (KKP,	
  AKK,	
  DSS)	
  

 	
  Annihila/on	
  process	
  only	
  (i.e.	
  gluon	
  fragmenta/on)	
  gives	
  a	
  much	
  steeper	
  slope	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  data	
  sensi/ve	
  to	
  quark	
  vs.	
  gluon	
  FFs	
  

 	
  Isolated	
  γ-­‐h	
  a	
  well	
  understood	
  baseline,	
  now	
  we	
  need	
  to	
  measure	
  it	
  in	
  Au+Au	
  

Uses	
  CTEQ6	
  PDFs	
  



Prologue:	
  Modified	
  Shower	
  Evolu.on	
  

  Models	
  moving	
  beyond	
  frac/on	
  E-­‐loss	
  picture	
  towards	
  more	
  complete	
  
descrip/on	
  of	
  in-­‐medium	
  parton	
  showers	
  

  Modified	
  spli$ng	
  kernals	
  in	
  DGLAP	
  evolu/on;	
  predicts:	
  
o  Enhanced	
  yield	
  at	
  very	
  low	
  z	
  	
  	
  	
  
o  Large	
  angle	
  radia/on	
  

  Implies	
  novel	
  regime	
  in	
  which	
  QCD	
  radia/on	
  is	
  dras/cally	
  altered,	
  but	
  
o  Experimentally	
  challenging	
  to	
  measure	
  small	
  z,	
  large	
  angle	
  
o  How	
  do	
  differen/ate	
  from	
  possible	
  medium	
  response	
  mechanisms?	
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Armesto,	
  Corcella,	
  Cunqueiro	
  and	
  Salgado	
  	
  JHEP	
  0911:122,2009	
  

€ 

ξ = −ln z

€ 

ˆ q L = 0,	
  2,	
  5,	
  20,	
  50	
  

€ 

GeV2

€ 

ξ = 2→ z ≈ 0.135

Fragment	
  angular	
  distribu/on	
  Log	
  mirrored	
  FF:	
  

€ 

← z

Patron	
  level	
  only!	
  



Conclusions	
  

  Medium	
  effects	
  on	
  jet	
  produc/on	
  have	
  been	
  studied	
  using	
  fully	
  
reconstructed	
  jets	
  and	
  direct	
  γ	
  triggered	
  correla/ons	
  

  Both	
  Jet	
  and	
  Direct	
  γ	
  data	
  demonstrate	
  quenching	
  

  However,	
  no	
  broadening	
  of	
  correla/ons	
  or	
  modified	
  fragmenta/on	
  is	
  
apparent	
  within	
  the	
  restricted	
  ranges	
  of	
  these	
  measurements	
  

  This	
  provides	
  stringent	
  constraints	
  and	
  models	
  and,	
  hopefully,	
  medium	
  
proper/es	
  if	
  the	
  data	
  can	
  be	
  modeled	
  

  Where	
  does	
  the	
  energy	
  go?	
  

o  To	
  large	
  angle	
  outside	
  of	
  the	
  jet	
  cone?	
  
o  To	
  low	
  z	
  where	
  data	
  uncertain/es	
  are	
  large?	
  

  QCD	
  may	
  demonstrate	
  novel	
  phenomenon	
  as	
  data	
  provides	
  more	
  
energe/c	
  probes	
  and	
  hoFer,	
  denser	
  maFer	
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More	
  From	
  Bjorken	
  

J.D.	
  Bjorken	
  	
  

FERMILAB-­‐Conf-­‐83/070-­‐T	
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Backup	
  Slides	
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Decay	
  γ	
  Correla.ons	
  

  p+p:	
  Directly	
  measure π0-­‐h	
  and	
  η-­‐h,	
  	
  >	
  95%	
  of	
  decay	
  contribu/on 	
  

  Parent	
  	
  daughter	
  mapping	
  determined	
  from	
  simula/on	
  

  Au+Au:	
  Measure	
  π0-­‐h,	
  apply	
  η-­‐h/π0-­‐h	
  as	
  a	
  correc/on	
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Run	
  5+6	
  p+p	
  @	
  200	
  GeV	
  



Modified	
  Leading	
  Log	
  Approach	
  

Very	
  different	
  than	
  “frac.onal	
  energy	
  loss”,	
  may	
  be	
  Q2	
  dependent	
  
Values	
  of	
  z	
  at	
  which	
  enhancement	
  are	
  rather	
  low,	
  can	
  this	
  framework	
  
explain	
  observed	
  enhancement	
  at	
  large	
  Δφ given	
  realis.c	
  geometry	
  and	
  
medium	
  expansion?	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  0.37	
  	
  	
  	
  	
  	
  0.14	
  	
  	
  	
  	
  0.05	
  	
  	
  	
  	
  	
  	
  0.02	
  	
  	
  	
  	
  0.007	
  	
  	
  0.002	
  	
  

CERN-­‐PH-­‐TH-­‐2005-­‐100	
  

MLLA	
  -­‐-­‐	
  Resumma.on	
  of	
  interference	
  
effects	
  in	
  shower	
  evolu.on,	
  
	
  used	
  to	
  calculate	
  D(z)	
  using	
  LPHD	
  

z	
  

Two	
  ways	
  to	
  compare	
  to	
  predic/ons	
  for	
  medium	
  “FF’s”	
  :	
  	
  	
  	
  
Jet	
  Reconstruc/on,	
  	
  direct	
  γ	
  triggered	
  correla/ons	
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IAA	
  vs	
  pT	
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kT	
  for	
  Isolated	
  Directs	
  γs	
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Charge	
  Asymmetry	
  

4/21/2010	
  

Calcula/on:	
  CTEQ6	
  +	
  LO	
  +	
  kT	
  +	
  DSS	
  

o 	
  Ra/o	
  of	
  +	
  to	
  –	
  charged	
  hadrons	
  for	
  the	
  away-­‐side	
  jet	
  
o 	
  As	
  z	
  	
  1	
  pure	
  Compton	
  gives	
  8:1,	
  but	
  effect	
  is	
  diluted	
  e.g,	
  by	
  kT	
  smearing	
  	
  
o 	
  Agreement	
  w/	
  theory	
  valuable	
  check	
  on	
  γ-­‐h	
  extrac/on	
  method	
  

p+p	
  @	
  200	
  GeV	
  

CMOR	
  (ISR):	
  	
  NPB327	
  (1989)	
  541-­‐568	
  
	
  w/	
  NLO	
  from	
  Aurenche	
  et.	
  al	
  

p+p	
  @	
  63	
  GeV	
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Isolated	
  Direct	
  γ Correla.ons	
  

To	
  first	
  order	
  p+p	
  baseline	
  well	
  described	
  by	
  NLO:	
  	
  	
  
Work	
  being	
  done	
  to	
  quan.fy	
  scale	
  uncertain.es,	
  sensi.vity	
  to	
  kT	
  
effect,	
  etc.	
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Rela/on	
  to	
  the	
  FF:	
  

Yield	
  of	
  hadrons	
  per	
  isolated,	
  direct	
  γ	



CTEQ	
  +	
  NLO	
  +	
  KKP	
  

Zhang,	
  Owens,	
  Wang,	
  Wang:	
  arXiv:0902.4000	
  



Photon	
  Sources	
  in	
  Au+Au	
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Di-­‐hadron	
  IAA	
  

Δφ (rad) 
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Pout	
  Distribu.ons	
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   44	
  WSU	
  Seminar	
  

pOUT	
  =	
  sin	
  Δφ	



Δφ	



pT,h	
  

1	
  <	
  pT,h	
  <	
  5	
  GeV	
  

Runs	
  6	
  p+p	
  	
  
@	
  200	
  GeV	
  

pT,γ	





Slope	
  of	
  π0	
  Triggered	
  xE	
  Dist.	
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FF	
  sets	
  give	
  a	
  much	
  larger	
  spread	
  in	
  
predic/ons.	
  	
  
KKP	
  and	
  DSS	
  come	
  	
  closest	
  

kT	
  maFers	
  although	
  	
  not	
  as	
  much	
  as	
  
choice	
  of	
  FF	
  set	
  

Overall	
  shape	
  of	
  FF	
  doesn’t	
  maFer,	
  
consistent	
  with	
  previous	
  PHENIX	
  
measurement	
  	
  

However,	
  mix	
  of	
  processes	
  does	
  
maFer	
  	
  rela/ve	
  shape	
  of	
  quark	
  
vs	
  gluon	
  FF	
  maFers	
  

π0	
  =	
  open	
  points	
  



LO	
  +	
  kT	
  MC	
  Generator	
  

o  Start	
  with	
  general	
  expression	
  for	
  
back-­‐to-­‐back	
  two-­‐par/cle	
  cross	
  
sec/on	
  

o  	
  Using	
  LO	
  x-­‐sec/on	
  parton-­‐parton	
  
scaFering	
  processes	
  summing	
  over	
  all	
  
flavor	
  permuta/ons	
  	
  

o  Add	
  Gaussian	
  kT/jT	
  smearing	
  (only	
  kT	
  
shown)	
  

o  Using	
  CTEQ6	
  PDFs	
  
o  Try	
  different	
  FFs	
  (KKP,	
  DSS,	
  AKK05/08)	
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Examples	
  of	
  PDFs	
  and	
  FFs	
  @	
  Q=7	
  GeV	
  



η	
  Correla.ons	
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η-­‐h/π0-­‐h	
   • η	
  correla/ons	
  are	
  performed	
  in	
  p+p	
  
collisions	
  
• False	
  η	
  matches	
  are	
  subtracted	
  
using	
  the	
  side-­‐band	
  correla/ons	
  
• The	
  procedure	
  is	
  checked	
  in	
  PYTHIA	
  
and	
  found	
  to	
  give	
  ~10%	
  agreement	
  
between	
  input	
  and	
  subtracted	
  per-­‐
trigger	
  yields	
  	
  which	
  is	
  assigned	
  as	
  
the	
  systema/c	
  error	
  
• The	
  ra/o	
  of	
  the	
  η	
  to	
  π0	
  associated	
  
yields	
  in	
  p+p	
  is	
  applied	
  as	
  a	
  
correc/on	
  factor	
  in	
  Au+Au	
  where	
  η	
  
correla/ons	
  are	
  not	
  measureable	
  
• The	
  similar	
  suppression	
  paFern	
  for	
  
η	
  and	
  π0	
  supports	
  this	
  procedure	
  



Medium-­‐Induced	
  γ	
  Sources	
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Qin	
  et	
  al.	
  arXiv:	
  0809.2030	
  



Jet	
  Energy	
  Scale	
  in	
  PHENIX	
  

  Determined	
  with	
  PYTHIA/GEANT	
  

  Unfolded	
  with	
  SVD	
  using	
  the	
  
GURU	
  program	
  

  Tails	
  from	
  conversions,	
  neutrals	
  	
  	
  	
  	
  	
  	
  	
  
(neutrons,	
  K0,	
  …)	
  	
  

  Charged	
  tracks	
  restricted	
  to	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
pT	
  <	
  25	
  GeV/c	
  due	
  to	
  background	
  
from	
  conversions,	
  decays	
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Generator	
  level	
  

Re
co
ns
tr
uc
te
d	
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Away-­‐side:	
  head	
  vs	
  shoulder	
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  MaF	
  Nguyen	
  -­‐-­‐	
  Moriond	
  2009	
  



Modified	
  Jet	
  Shapes	
  from	
  Modified	
  pQCD	
  
Polosa	
  and	
  Salgado,	
  PRC75,	
  041901	
  (2007)	
  

  Using	
  standard	
  perturba.ve	
  methods	
  (Sudakov	
  Form	
  Factors)	
  calculates	
  
shower	
  evolu.on	
  

  Introduce	
  modified	
  splirng	
  func.ons	
  to	
  account	
  for	
  mul.ple	
  scasering	
  
in	
  medium	
  

  Large	
  angle	
  scasering	
  is	
  enhanced,	
  reproducing	
  conical	
  emission	
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Interpre.ng	
  Two-­‐Par.cle	
  Correla.ons	
  
  Two-­‐Par/cle	
  correla/ons	
  rely	
  on	
  es/mate	
  of	
  

the	
  underlying	
  event	
  	
  

  In	
  heavy-­‐ion	
  collisions,	
  UE	
  modulated	
  due	
  to	
  
ini/al	
  asymmetry	
  of	
  overlap	
  region	
  

  How	
  to	
  factorize	
  UE	
  from	
  jets	
  in	
  presence	
  of	
  
medium	
  response?	
  

  Di-­‐hadron	
  correla/ons	
  frustra/ngly	
  difficult	
  
to	
  model	
  
o  Jet	
  selec/on	
  biased	
  by	
  trigger	
  par/cle	
  
o  Also	
  gives	
  geometrical	
  bias	
  

o  Ini/al	
  parton	
  energy	
  unknown	
  
  Need	
  observables	
  for	
  which	
  ini/al	
  parton	
  

energy	
  can	
  be	
  determined	
  and	
  the	
  path-­‐
length	
  dependence	
  can	
  be	
  modeled	
  

  Fully	
  reconstructed	
  jets	
  
  Direct	
  photon	
  tagged	
  jets,	
  correla/ons	
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p+p	
  collisions	
  

A+A	
  collisions	
  

UE	
  from	
  thermalized	
  medium	
  	
  


